Beginning in January, 1992, the Bureau of Reclamation and the US Geological Survey formulated plans for the Watershed and River Systems Management Program -a cooperative interagency effort to develop and implement flexible and robust river basin management tools for the benefit of managers and decision makers using a data centered approach. In addition to Reclamation and the USGS, a number of other agencies and universities have made substantial contributions to the success of the program.
Introduction
The goal of the Watershed and River Systems Management Program is to research, develop, and deploy decision support systems to aid water resource managers in achieving an equitable balance among often-competing water resource objectives. As resource managers, we seek such balances by considering three major factors: our stakeholders and their interests; our legal and political constraints; and sound technical information and knowledge. Providing the technical information and knowledge is the focus of this program and forms the foundation upon which the other factors can be considered. It began in 1994 with funding from operations and maintenance; since 1995, it has been funded by the US Bureau of Reclamation's Science and Technology (formerly Research and Technology Transfer), the US Geological Survey's National Research Program, various Regional, District and Area Offices, as well as other collaborators. These other collaborators include the University of Colorado Center for Advanced Decision Support for Water and Environmental Systems (CU-CADSWES), the Tennessee Valley Authority and the Army Corps of Engineers.
The program is designed such that actual river system management issues drive the research and development priorities. This is accomplished by choosing "application basins" to participate in the program for 3 years each. Previously participating basins include the San Juan, the Gunnison, the Lower Colorado, the Yakima, and the Upper Rio Grande. The Truckee and Upper Columbia are currently participating in the program, with the Central Platte expected to join in FY03. By rotating basin participation, the program is assured of meeting new research and development needs Reclamation-wide. Each basin contributes new resource management issues that define the research and development needs and priorities over that period. Experience to date suggests that it takes the full 3-year time frame to conduct the new research and development, demonstrate the applicability, and deploy the system. This time frame also allows the local offices time to program future funding for their own local maintenance, support, as well as future research and development. To date, all basins that have participated in the Program have chosen to continue funding research and development, as well as maintenance and support.
The decision support system is being developed in a modular framework that allows for utilization of other emerging technologies (e.g., the ET Toolbox and new weather and climate forecasting). The modules are developed to allow for application to any river system, while still being able to solve site-specific problems without the need for tailored software programming. As the capabilities of the modules are enhanced and expanded to meet the new research and development priorities, basins already using the modules have ready access to those enhancements.
The primary modules under development are the RiverWare modeling system, the Hydrologic Database (HDB), and the Modular Modeling System (MMS). MMS is a generic, physical process modeling system that can be used to develop models of a variety of physical processes including precipitation-runoff models. The research and development of MMS is handled by the USGS. RiverWare and HDB are being developed at CU-CADSWES. RiverWare is a reservoir and river systems operations and planning modeling tool that allows the user to construct and customize the physical behavior of the river network without the need for software programming. The user further constructs the operating policy for the network and supplies it to the model as "data" (i.e., the policies are visible and capable of being explained to stakeholders; secure, yet able to be modified for policy analysis). RiverWare models can be run at a variety of time steps ranging from 1-hour (detailed operations, hydropower and physical processes) up to annual (long range planning). Among the many successfully deployed RiverWare models are the Colorado River planning model (CRSS), the Colorado River operations model (the Annual Operating Plan), the Upper Rio Grande Water Operations Model, and TVA's water and power scheduling model.
HDB is an Oracle-based, data management system that can serve as the center of the decision support system. It provides a reliable and consistent view of the historical, current, and future state of the river system. HDB supports data loading from a variety of external sources, provides easy access for near real-time quality control, and is easily interfaced to a variety of modeling packages. Due to its use of standard, state-of-the-art database technology, HDB can utilize a wide variety of query and reporting tools, many of which require no development (i.e., they are "off-the-shelf"). HDB is fully deployed at both the Bureau of Reclamation's Upper and Lower Colorado Regional offices and is being demonstrated in the Yakima Area office.
Description of Key Tools

RiverWare
TM is a generalized, interactive software tool that can be used to develop multiobjective simulation and optimization models of river and reservoir systems ). Operations models developed in RiverWare can focus on short-term operations and scheduling, mid-term operational forecasting and planning, and long-term policy and planning, with computational time step size ranging from one hour to one year. The tool provides various physical process algorithms appropriate to the range of computational time steps.
The RiverWare model consists of a network of linked "objects" that represent features of the river system such as storage reservoirs, hydropower reservoirs, river reaches, diversions, water users, groundwater reservoirs and canals. Each object is named and holds data and selected physical process algorithms that tailor it to the site in the river basin it represents. Information passes from one object to another via links connecting specific data structures, e.g., the outflow of a reservoir is linked to the inflow of a downstream river reach. This object-oriented modeling approach allows the modeler flexibility to describe a river and reservoir system by customizing each object without rewriting code.
The object network simulates the physical processes of the network. Essentially, the objects conserve mass and transfer water from one object to another via inter-object links. For example, reservoirs simulate storage, pool elevation, evaporation, bank storage, seepage, releases from various outlet structures, and hydropower generation. For each of these component physical processes, the modeler can choose from a number of specific algorithms ("methods"). Water user objects calculate demands and simulate diversions, consumptive use and return flow, as well as conjunctive use pumping from groundwater objects. River reaches route flow by any of several routing algorithms such as simple time lag, routing coefficients, Muskingum, kinematic wave, etc. Simulation provides an accounting of the water in the system at any desired time step size, and requires exactly enough inputs to calculate the outputs. The inflows into the river/reservoir system are typically provided by watershed models, flow forecasts or historical data, or can be back-calculated with knowledge of gauged flows in the system. In RiverWare's rulebased simulation solver, operating policy is introduced into the simulation by operating "rules" that provide logic for determining operational decisions such as reservoir releases and diversions. The logic can consider the current and predicted future state of the modeled system and can apply complex procedures to calculate values to input into the simulation. The rules set the values on the objects, which then simulate the effects of the rules. The rules are strictly prioritized, and conflicts are resolved by giving higher priority rules precedence. A simple illustration is a low priority rule that assigns the value of reservoir storage (or level) to a seasonal guide curve value. A higher priority rule checks to see if the reservoir release is less than the minimum flow required downstream of the dam; if so, it resets the release to the minimum flow. The rules are expressed in an interpreted language created by the modeler in a syntax-directed editor. The rules alternate with simulation at each time step throughout the simulated period.
A linear goal programming solution in RiverWare also can solve for multi-objective policies (Eschenbach et al., 2001) . In this case the solver finds the optimal solution for each of a number of prioritized goals over the entire network and time horizon. Goals are in the form of objectives such as minimize spill, or sets of constraints that are translated to an objective that minimizes the deviation from the constraint values. RiverWare contains a special object that models the economics of hydropower within a thermal power system in either simulation or optimization. Using this object, an objective can be formulated to maximize the avoided cost of the thermal power replace by hydropower. (For more details of RiverWare's hydropower modeling capabilities, see Zagona and Magee, 1999.) Typically, the TVA uses RiverWare models in optimization for near-term (10 to 14-day) scheduling (Biddle, 2001) , whereas Reclamation uses rulebased simulation for operational forecasting and planning. However, TVA is currently taking advantage of rulebased simulation for flood control policy studies, and Reclamation has looked into the use of optimization for hydropower studies on the Lower Colorado River (Gilmore et al., 2000) . A comparison of the two approaches is given in Magee et al., 2001 .
In many river basins in the western United States, water management agencies are charged with tracking the legal ownership of water in storage and water delivered to users who have legal rights to the water. Often operational rules are formulated with consideration of the legal ownership of the water. In addition to tracking ownership, it is often necessary to track water of a certain type. For example, on the Rio Grande it is necessary to track water that is imported from the Colorado River basin; this trans-basin water cannot be stored in certain reservoirs and can be used only for specified purposes. To assist in tracking water ownership and water type, RiverWare includes a Water Accounting module that represents the "paper water" as account objects that reside on the simulation objects. Legal accounts, such as storage accounts and diversion accounts reside on reservoirs and water users, respectively. In addition, "pass-through" accounts reside on all objects in the model that convey water through the network from reservoirs to diverters and other deliveries. RiverWare's rule language provides a means of incorporating information from the water accounting system in the logic of the operating policies.
Certain water quality constituents can be tracked in RiverWare using a post-simulation water quality solver. Total dissolved solids, temperature and dissolved oxygen can be modeled in this manner, either at the end of the simulation run or at each time step after the water quantity simulation. The latter approach allows rules to incorporate water quality information in the operating policy logic.
Quantification of risk and uncertainty of modeled values in RiverWare is possible directly by first-order, second moment propagation of variances through the water quantity calculations (reference). Stochastic information can be derived from the results of multiple runs of RiverWare using multiple historical hydrologic traces run through RiverWare's automated multiple run management facility. These analyses are particularly useful for policy planning studies and can be facilitated by the Graphical Policy Analysis Tool developed at CADSWES for performing statistical analysis on the results of multiple RiverWare runs (Fulp and Harkins, 2001; Wheeler et al., 2002) .
RiverWare models can be linked to databases and other sources of information such as inputs/outputs of other models, and output to reports through the automated Data Management Interface (DMI) facility. Through this facility, the modeler or agency tailors the connections to specific external applications as needed. RiverWare has been linked to other elements of the WaRSMP toolbox as indicated in Figure 1 . In addition to Reclamation's Science and Technology Program, support for research and development of RiverWare has come from Reclamation's regional and area offices, the Tennessee Valley Authority, the U.S. Army Corps of Engineers, and the University of Colorado.
Modular Modeling System
The U.S. Geological Survey (USGS) Modular Modeling System (MMS) (Leavesley et al., 1996a,b; is an integrated system of computer software designed to facilitate the development and application of modular concepts to distributed hydrological and environmental models. MMS has been developed to (1) provide the research and operational framework needed to enhance development, testing, and evaluation of physical-process modules; (2) facilitate integration of user-selected modules into operational physical-process models; (3) facilitate the coupling of models for application to complex, multidisciplinary problems; and (4) provide a wide range of analysis and support tools for research and operational applications.
MMS supports the integration of models and tools at a variety of levels of modular design. These include individual process models, tightly coupled models, loosely coupled models, and fully-integrated decision support systems. A geographic information system (GIS) interface, the GIS Weasel, has been integrated with MMS to enable spatial delineation and characterization of basin and ecosystem features, and to provide objective parameter-estimation methods for selected models using available digital data coverages. Optimization and sensitivityanalysis tools are provided to analyze model parameters and evaluate the extent to which uncertainty in model parameters affects uncertainty in simulation results. A variety of visualization and statistical tools are also provided to display and analyze model results.
MMS provides a framework in which to simulate a wide range of interdisciplinary environmental and water resource processes. Model applications can be run using historic or forecast meteorological data. Forecast methods available for use in MMS include a modified version of the National Weather Service's Extended Streamflow Prediction (ESP) procedure (Day, 1985) and statistical downscaling procedures using output from atmospheric models. Resulting simulated streamflow is used directly by river basin managers.
Data Management Systems
The data centered approach allows for a variety of data sets to be used. The most commonly used for Reclamation applications is the Hydrologic Data Base (HDB). HDB is a relational data base designed for the storage of hydrologic time series data, attribute data, statistical information and other data related to water resources management activities Frevert, 1998 and Davidson, et al, 2002) .
The design of HDB includes metatables for optimal storage and retrieval of data and for management of applications which use the data. Near real time data is updated automatically from real time data systems. HDB is capable of maintaining over 100 types of data including, for example, streamflow, reservoir content and releases, water demands, temperature, snow water equivalent, precipitation, evaporation, power generation and Total Dissolved Solids. In so doing, it provides a reliable and consistent view of the past, present and future state of the river system.
In addition to observed data, HDB can also accommodate forecasted and stochastically generated data. Substantial attention has been given to maintaining the integrity of all data stored in HDB.
The combination of RiverWare, MMS and the HDB has been successfully implemented on several river basins including the San Juan, the Gunnison (Markstrom, et al, 2001 ) and the Yakima (Mastin, et al, 2002) . Data management interfaces (DMIs) facilitate the exchange of data and results between RiverWare, MMS and the HDB.
It is anticipated that HDB will become the official data base of record for Reclamation's Upper and Lower Colorado Regions -documenting the basis for operational decisions made by Reclamation managers.
In addition, capabilities are being developed to store water accounting data in HDB. This is expected to greatly enhance HDB's value in future river basins which will be brought into the program.
Technical Review and Oversight
An independent panel of technical experts meets on a regular basis to review progress on the program and provide recommendations for future direction. The panel is presently composed of technical experts from Colorado State University, Utah State University, Louisiana State University and the Corps of Engineers' Hydrologic Research Center. Reports of the panel are available on request through the contact author.
Technical experts and managers from USBR, USGS and other partners meet twice a year for in depth discussions of technical and administrative issues and to formulate work plans for the coming months. In addition technical teams and users groups focusing on RiverWare and HDB meet at least once a year.
Applications of Capabilities
Modeling capabilities developed under this program have been successfully implemented and applied in the Colorado River basin, the Gunnison River basin, the San Juan River basin, the Yakima River basin, the Rio Grande basin and the Truckee River basin.
Technology is presently being used for short term and mid range operations and long range planning work on the Colorado River basin. Daily and hourly operations decisions at Hoover Dam utilize the RiverWare modeling capabilities. Mid term (24 month) operations studies and long term planning and policy analyses (up to 50 years in duration) utilize the Colorado River Simulation System (CRSS) formulation of RiverWare. Federal and State agencies and other partners actively participate in the evaluation of RiverWare and the overall decision making process on the Colorado River basin through a user involvement group and other work groups focused on water issues in the basin.
The San Juan River basin has been the site of major endangered species analysis as well as water quality questions, interstate compact issues between Colorado and New Mexico and the Animas La Plata Project. RiverWare, MMS and the Hydrologic Data Base have been and continue to be used extensively in studies on this basin.
In addition to endangered species and water quality issues, managers in the Yakima River basin must contend with a general over appropriation of water, the requirement of satisfying Native American treaty rights and the need to correctly evaluate surface and ground water interactions. RiverWare, MMS and the Hydrologic Data Base are also being used extensively in the Yakima basin.
Water resources analysis in the Rio Grande basin provides another challenge in regard to interstate compact resolution, Native American treaty rights, over appropriation of water and the resulting emphasis on accurately accounting for water use. In addition, water use by both agricultural crops and phreatophytes is significant and conservation of water is a major priority in the basin.
The most recent additions to the program are the Truckee River basin in Nevada and California and the Columbia Basin Project in Washington. Among the key issues in these basins are Native American water rights, endangered species issues, competing uses of water including agricultural, municipal, recreational and hydropower and water quality. Applications of the technology in these basins have been on a need driven basis.
Future Priorities
In future years, plans for the program include focusing on interaction with other useful modeling tools -including water quality models, stochastic hydrology models, agricultural water use models, as well as social and economic models. This developmental work will be continued on a need driven basis with emphasis on several new study areas.
The results of this Program contribute significantly to Reclamation's outcomes of enhancing western water and power supplies for Reclamation stakeholders. More efficient management of resources is critical, particularly as the competing demands for water in the west increase. Improved watershed and river system operational decision-making is an integral part of improving efficient use of our limited resources, and decision support systems are necessary. The use of water banks, water exchanges, and other best water management practices is facilitated by decision support systems that allow resource managers to postulate and analyze the effects of those practices. For example, the Colorado River long-term planning model (CRSS) was recently used to analyze the effects of proposed transfers of Colorado River water between agricultural and municipal uses in California (USBR, 2002).
Specifically, the primary results and contributions of this R&D 3 effort are:
A deployed DSS in each participating basin.
The DSS directly facilitates improved operational decision-making. It consists of RiverWare applications, HDB applications (in some basins) and data management interfaces to connect the RiverWare model with databases and other decision models such as MMS and other forecasting tools, ET Toolbox estimates of losses, fish models, habitat models, economic models, water quality models, groundwater models, etc. The DSS can be used for daily operational decision-making, seasonal forecasting and long-term planning to maximize water use and hydropower production. By using RiverWare's water quality module and/or coupling with specific environmental models, the DSS can assess effects on the environment and provide information as to how to modify operations to benefit the environment. Similarly, the hydropower energy and value can be modeled and can additionally be formulated as an objective to be maximized. Additionally, the DSS can be used for policy evaluation studies or alternative plan evaluations for NEPA and ESA compliance.
Improved data management in each participating basin.
An essential part of the process of developing, demonstrating and deploying the DSS is the management of data. Building new models and databases require that the organization identify and organize existing data, identify needs for additional data, and quality control the data. This is achieved by implementing state-of-art data management practices and tools. The data can be utilized for modeling and analysis to improve water use. The Program also views operational policies as data and the tools fully support this view. The RD 3 process results in formalizing and documenting operational policy where it was not previously formalized; documentation where it was previously buried in incomprehensible old computer code; and structuring the policy in RiverWare's policy language where it can be read and understood by Reclamation and stakeholders, and modified to explore alternatives. The organized and accessible data increases the confidence and trust of stakeholders in Reclamation.
Technical personnel with improved skills to understand and manage their own system
As a result of the development of the basin DSS by basin personnel and the technology transfer that is integral to that process, the technical expertise of the basin personnel is increased in several ways: -detailed understanding of historical and current operating policies; -capability to examine alternative policies and help identify effective alternatives; -capability to apply the tools to new basins with reduced effort; -capability to develop and run models and access data as needed for decision support analysis.
General DSS tools that can be licensed by others.
The R&D3 program results in a commercially available software package, RiverWare. The license fees contribute to software maintenance costs, relieving Reclamation of some of that cost burden. Another benefit to having commercially available software is that stakeholders can obtain the software and models and participate in studies with Reclamation. For example, the Metropolitan Water District of California (MWD) is assessing the effects of future development for the Multi-Species Conservation Program using RiverWare and Reclamation's CRSS model and "ruleset".
Conclusions
The paper outlines a successful interagency effort for coordinated development and application of hydrologic and water resources technology in the western United States. The effort has provided results which are very beneficial to managers and the continuing development on a need driven basis is expected to insure that future technology is equally beneficial.
